Introduction
The advantages of high peak power, high beam quality and short pulse duration of ultrashort lasers make them suitable for a wide range of applications. Their typical applications can be named as high-precision machining [1, 2] , high-precision ranging using time of flight techniques [3, 4] , nonlinear frequency generation [5] [6] [7] [8] and advanced laser spectroscopy [9, 10] . Similar to other types of lasers, the development tendency of picosecond laser includes high average power, high energy, high beam quality, and high stability. Amplifying the picosecond laser seed source is an important approach to obtain high average power and high energy picosecond laser. For example, repetition rate of several kilohertz picosecond lasers with high energy pulse of 16 and 65 mJ have been obtained via the amplifying picosecond pulses selected from high repetition rate picosecond laser seed source [11, 12] . Moreover, high average power picosecond laser of 287 W has been obtained by amplifying high repetition rate picosecond laser seed [13] . Therefore, not only the amplification technology, but also the laser seed source is very important in the high average power and high energy laser systems. The passive mode-locking is usually a simple, efficient and convenient technique for generating the picosecond pulses, in comparison to active modelocking, as there is no need for RF source nor external loop circuits to utilize the mode locker. Semiconductor saturable absorber mirrors (SESAMs) have been proven as promising saturable absorbers to passively mode-lock all solid state lasers [14] . SESAM is adopted in a mode-locked laser extensively, due to its simplicity and stability. Depending on the parameters of the saturable absorber and performance of laser gain media, laser pulse duration can range from picoseconds to a few femtoseconds. The main difficulty in passive modelocking of a solid state laser is to overcome the tendency of the laser towards Q-switched mode-locking (QML) instabilities, introduced by the saturable absorber. In the case of passive mode-locking using SESAM as mode-locker, the stability of the mode-locking operation of a laser is a function of the beam sizes in the active medium, and in the passive mode locker. Furthermore, to ensure high stability for a picosecond laser oscillator using SESAM, it is of significant importance to realize stable operation of the optical resonance and continuous wave mode-locking (CWML). Therefore, the aim of this paper is to use results of a detailed design, to guide the experimental study of creating a low threshold picosecond modelocked Nd:YAG laser.
Design and theoretical simulation
The thermal lens effect of the laser crystal is an important factor that should be considered in the design of the mode-locked laser resonator. Laser crystal absorbing pump energy is often regarded as a lens. An ABCD matrix and self-consistent condition can be used to obtain mode parameters in the resonator. According to the ABCD law, the self-consistent condition is expressed as:
where q 1 is the q parameter of the Gaussian beam. The curvature radius of wavefront R and beam radius W in the resoantor can be deduced from equations (2) and (3) [15].
where λ 0 is the laser wavelength. Beam sizes on the laser crystal and mode locker are important parameters, as the former relates to mode matching between resonator mode and pump beam; affecting the output power, conversion efficiency and beam quality [15] . The later determines how the CW modelocking can be attained. This is because the QML regime appears when single pulse energy E P in the oscillator is lower than critical single pulse energy; i.e. E P < E P,C and vice versa, CW mode-locking only can be achieved when E P > E P,C [16] . The critical pulse energy is given in the form of equation (4).
where F sat,L is the saturation fluences of laser crystal, F sat,A is the saturation fluences of the absorber, A eff,L is the effective area of laser mode on the gain medium, A eff,A is the effective area of laser mode on the SESAM and ΔR is the modulation depth of the SESAM. Therefore, the laser resonator should be designed so that the spot size on the SESAM and laser crystal satisfy CW mode-locking condition, as well as matching the laser mode with pump beam. In order to provide the mentioned conditions, the Z shaped configuration shown in figure 1, has been adopted. A 5 W free space single emitter laser diode (LD) as the pump source has been used in the experiment. The central wavelength of LD was 806 nm at 25 C and can be tuned by changing the working temperature of LD by a thermoelectirc cooler to match the best absorption of laser crystal. The output beam of the laser diode has been collimated and shaped symmetrically by an optical system including a collimator and an anamorphic prism pair. The collimated beam has been focused by an aspheric lens on the host crystal in the radius about 120 µm. The host crystal used was a 1.1% Nd:YAG rod with diameter of 5 mm and length of 10 mm. One of its light-passing faces was coated for high reflection (HR) at the lasing wavelength of 1064 nm, and high transmittance (HT) at pump wavelength of 808 nm. The other side was coated for HT at 1064 nm. The laser crystal was wrapped with indium foil and mounted in a copper block. The resonator consisted of a laser crystal, one of its faces acts as a back mirror, two mirrors M 1 and M 2 and one SESAM as the mode locker. M 2 is a high reflective mirror while M 1 is an output coupler with transmission 2% in double loss configuration. Moreover, the radius of curvature of M 1 and M 2 is 60 cm and 15 cm, respectively. The arm lengths of three branches L 1 , L 2 and L 3 were approximately 34, 91 and 9 cm respectively, giving the total cavity length of approximately 135 cm. In order to avoid astigmatism, the folding angle was designed to be less than 8°. It is worthwhile to analyse the thermal lens in the Nd:YAG crystal affecting the stability of the resonator. For an end-pumped laser, the focal length of the thermal lens f th can be approximately expressed in equation (5) [17] .
where k c is the thermal conductivity of Nd:YAG, ω p is the average pump size in the laser crystal, p ph is the fraction of pump power that results in heating, dn/dT is the thermo-optic coefficient, α is the absorption coefficient and L is the laser crystal length. The focal length of thermal lens as a function of the pump power has been simulated in figure 2 . From figure 2, it can be seen that when the incident pump power is increased, the thermal lens effect becomes more serious. Therefore, it is expected that the spot size of the fundamental mode TEM00 changes by pump power. In this case, to keep suitable mode matching between the laser mode and pump beam, the average spot size of sagittal and tangential beams of TEM00 mode in the laser crystal has been simulated versus the incident pump power. As shown in figure 3 , the spot size of laser mode TEM00 is greater than the spot size of pump beam (120 µm). Therefore the resonator is stable in all over the pump power with suitable matching of pump and laser beams.
In order to minimize the energy of critical pulse, the effective area of laser beam on the SESAM should be minimized, and so, to investigate this, the spot size of TEM00 mode on the SESAM has been simulated versus the pump power. As shown in figure 4 , it changes from 42 (46) µm to 62 (60) µm for sagittal (tangential) beams.
The resonator configuration has therefore been chosen such that the optimum conditions of mode-locking operation are preserved across the pump power.
Experimental results
Experimental study was proceeded based on the above detailed design. SESAM was welded on a Cu heat sink to ensure optimal cooling to prevent thermal damage. The SESAM and its heat sink were put on a XYZ adjustment to adjust the mirror. A stable output with maximum power of 540 mW and optical to optical efficiency of 15% is obtained in the experiment as shown in figure 5 .
The laser exhibited a clear regime of QML at a pump power range of P < 3 W. The Q switched mode-locked pulse at pump power of 2 W was shown in figure 6 .
When the pump power was increased higher than 3.2 W, the stable CW mode-locking state was achieved. Pulse train was observed with a Tektronix TDS 2024 oscilloscope as shown in figure 7 . Also, the repetition rates of the pulses have been revealed to be about 112.1 MHz by an oscilloscope.
The total length of the resonator was about 135 cm corresponding to the pulse repetition rate of 112 MHz, which illustrated a good agreement with the experimental result shown in figure 7 . From equation (5), for the Nd:YAG laser adopted in this study, the calculated minimum intracavity pulse energy for CWML operation is 148 nJ. In the experiment, typical stable CW mode-locking operation free of QML instabilities can be obtained when the pump power was about 3.2 W, corre sponding to an intracavity pulse energy of 169 nJ, which agreed with the calculated result. The pulse duration of the laser output was measured with a noncollinear autocorrelator designed and fabricated by ourselves. A nonlinear crystal KTP is used for the autocorrelation measurement. It was found that the pulse duration was about 40 ps. The stabilities of the output power and laser pulse train were also investigated. The fluctuation of the output power was less than 5% in 15 min of running. The pulse train was stable without any Q-switching instabilities.
Conclusion
A detailed design of continuous wave mode-locked picosecond laser resonator with appropriate mode parameters is made. CW mode-locking can be achieved by using the theoretically calculated parameters. The experimental study is performed on the basis of the design. Finally, a mode-locked diode-end pumped Nd:YAG laser with the pulse repetition rate 112 MHz and a pulse duration of about 40 ps is demonstrated by using SESAM. 
